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1.  Introduction 

IJhen  a  radar  V7ave  strikes  a  group  of  volume-distributed  scatterers  (c>g«, 
raindrops)  or  surface-distributed  scatters  (e.g.,  terrain,  sea  surface),  tuo 
things  can  happen  to  the  Incident  signal  spectrum.  First,  its  center  position  can 
be  shifted  due  to  relative  radial  motion  betT7een  targets  and  antenna.  Secondly, 
the  spectrum  shape  can  be  distorted.  Since  the  positions  of  the  scatterers  are 
neither  Icnoxm  precisely  nor  of  great  concern,  the  exact  shape  of  the  distorted 
spectrum  Is  not  determinable;  It  Is  the  average  effect  on  the  spectrum  T;lth  vhlch 
176  shall  be  concerned  here.  In  general,  this  average  spectrum  after  the  Inter¬ 
action  is  alvays  broadened  (though  possibly  only  slightly)  from  that  of  the  Inci¬ 
dent  signal. 

Several  mechanisms  can  produce  these  spectral  distortions*  Each  of 
them  V71I1  be  briefly  dealt  with  below.  In  order  to  better  understand  each  process, 
V7e  shall  Ignore  all  of  the  other  possible  distortion-producing  mechanisms  while 
we  deal  with  one  at  a  time*  In  Section  9  It  will  be  sho^m  hov;  several  of  these 
effects  can  be  combined  xfhen  they  act  together. 

Throughout  this  article,  V7e  shall  restrict  ourselves  to  backscatter.  The 
units  of  the  average  scattered  spectrum,  (7(f)^  employed  In  Sections  5,  6,  and  7 
below  are  meters^  x  (l*e«/  backscatter  cross  section  per  cycle  per  second). 

Then  the  average  backscatterlng  cross  section  of  the  distributed  scatterers  V7lthin 
a  single  resolution  cell  Is  defined  as 

"b  “  i.» 

In  sections  2,3,  and  4,  this  spectrum  is  normalized  and  given  asF(f)  ■  <?(f)/Cfg 
because  these  mechanisms  can  be  treated  separately  from  the  scatterers  X7hlch 
produce  them.  In  the  Appendix,  X7lll  be  discussed  for  various  scatterer  models. 
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2.  Total  Signal  Length  and  Its  Relatlonshin  to 
Signal  Spectrum 


The  most  obvious  factor  effecting  the  spectriun  of  the  scattered  signal 
is  the  spectrum  of  the  incident  signal.  In  the  absence  of  all  antenna  and  target 
motions,  the  scattered  signal  spectrum  x^ill  be  identical  to  that  of  the  incident 
signal.  In  radar  systems  xjhich  attempt  to  separate  moving  targets  from  stationary 
background  or  clutter,  such  as  the  MTI*  system,  the  total  incident  signal  may  con¬ 
sist  of  a  fairly  long  train  of  pulses. 


One  common  example  Illustrating  this  mechanism  is  a  search  radar  antenna 

rotating  continuously  in  azimuth.  As  the  antenna  beam  rotates  past  a  point  target, 

it  is  excited  by  a  train  of  pulses  x;hich  appear  the  largest  in  amplitude  as  the 

beam  center  points  directly  past  the  target.  The  amplitude  of  this  pulse  train  is 

modulated  by  the  antenna  pattern.  Assume  that  g(0,<?)  is  the  normalized  voltage 

pattern  of  the  antenna  (i.e.,  g(0,0)  b  vhere  cp  here  is  assumed  to  be  in  the 

azimuth  direction  and  0  is  colatitude,  perpendicular  to  it.  If  the  antenna  is 

rotating,  then  w  "Ot,  v;here  Q  is  the  rotation  rate  in  radians/sec.  For  back- 

scatter,  the  received  voltage  is  proportional  to  g^,  because  the  same  antenna  is 

used  for  transmitting  and  receiving.  Then  the  normalized  energy  density  spectrum 

received  from  a  nonmoving  point  target  at  0  for  one  sx;eep  of  such  a  rotating 

o  o 

antenna  consists  of  a  train  of  spectra  spaced  (i.e.,  pulse  repetition  fre¬ 
quency)  apart  as  shoxm  in  Figure  1.  Each  pulse  of  the  train  has  the  zollox^ing 
shape 


P^(f)  - 

n 


f® 

PR 


I  dtl%  (2) 


X7hcre  n  is  the  number  of  the  spectral  line  (n  ■  0  corresponds  to  the  center  carrier 
frequency  position  f^).  F^(f)  is  the  Fourier  transform  of  a  single  normalized 

pulse  of  x;idth  T;  for  a  rectangular  pulse  of  unit  height,  this  is  F  (f)  » 

sinTTfT 

rrf  * 

Moving  Target  Indication 
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For  Instance,  assume  the  antenna  pattern  Is  Gaussian,  l.e.,  * 

exp[>2(0^-Kp^)M  ]  where  A  Is  approximately  the  3  dB  beamwldth  of  the  conical  beam. 
Then  one  splice  In  the  frequency  spectrum,  as  represented  by  the  square  of  the  In¬ 
tegral,  or  last  factor  of  (2),  Is  exp[T^ A®f®/0®  ],  where  the  9  dependence  Is 

JHq 

dropped.  Then  the  total  3  dB  width  of  the  spectral  line  Is  Af  ■  «  For  example, 

the  line  v;ldth  for  an  antenna  with  a  2”  azimuth  beamwldth  and  a  rotation  rate  of 
3  rev/sec  la  Af  v  81  Hz. 

3.  Spectral  Distortion  Due  to  Relative  Itotlon  and 
Finite  Beaim;ldth 

VThen  Istrlbuted  clutter  sources  are  moving  at  a  velocity,  v,  through  a 
radar  beam,  t  ;  radial  component  of  this  velocity  varies  slightly  across  the  finite 
angular  width  of  the  beam.  This  radial  velocity  variation  produces  spectral  spread¬ 
ing  of  the  Incident  signal.  Assume  that  the  Incident  signal  Is  monochromatic  and 
all  of  the  particles  are  moving  at  the  same  velocity,  v,  so  that  all  other  sources 
spectral  distortion  can  be  Ignored  for  the  time  being. 

The  analysis  here  can  apply  to  the  case  where  the  antenna  Itself  Is  In 
motion  TTlth  respect  to  the  scatterers,  as  In  an  airborne  radar.  It  Is  also  ap¬ 
plicable  v;hen  the  scatterers  themselves  are  In  motion,  as  In  a  rain  shox^er.  llhen 
the  scatterers  are  volume  distributed,  as,  for  Instance,  raindrops,  x^e  X7lll  use 
the  geometry  of  Figure  2a.  IJhen  the  scatterers  are  surface  distributed,  as  with 
terrain  vlexrad  from  an  aircraft,  v;e  refer  to  the  geometry  of  Figure  2b.  In  both 
cases,  V  Is  the  velocity  of  the  scatterers  moving  through  the  resolution  cell  with 
respect  to  the  antenna  and  cx  Is  the  angle  betx7een  v  and  the  direction  to  the  center 
of  the  cell. 

Assiune  the  same  one-x7ay  voltage  pattern  for  the  antenna,  g(9,cp),  as 

defined  In  the  preceding  section.  Since  the  same  antenna  Is  used  for  transmitting 

and  receiving,  the  power  received  from  a  single  scatterer  X'7lthln  the  resolution 

cell  at  6  ,  cp  ,  Is  proportional  to  ]g(9  ,cp  )|^,  The  power  spectral  density  re- 
0  0  ?  ^  14 

celved  Is  then  obtained  by  Integrating  ig(9,cp)|  times  the  reflected  pox7er  spectrum 
from  a  point  scatterer  at  an  angle,  9,  from  boreslght.  The  latter  spectrum  Is  an 
Impulse  function  x^hose  position  varies  only  VTlth  9.  Only  the  Integration  over  9 
Is  of  concern  here,  because  this  Is  the  angular  direction  In  xThlch  the  radial 
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velocity  varies  and  hence  the  direction  producing  spectral  spreading.  Then  the 
spectrum*  of  the  received  signal  for  a  monochromatic  Incident  V7ave  of  frequency  f^ 
Is 


f(£)  -  4 


slno 

c  o 


I  sC 


f-f  (l-^osa) 
o  c 
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c  o 


,  o)  l‘  , 


(3) 


v;here  A  (In  radians)  Is  approximately  the  3  dB  beamwldth  of  the  one-way  power  pat¬ 
tern,  in  the  3  dliectlon,**  Simply  Interpreted,  this  equation  shows 

that  the  received  signal  power  spectrum  has  the  same  shape  as  the  antenna  pattern. 
This  result  Is  valid  so  long  as  cc  't  0.  The  approximate  half-power  bandwidth  of 
the  received  signal  may  be  expressed  In  terms  of  the  3  dB  antenna  beamwldth.  A: 

Af  ■  — ^  f  AslnCt.  The  Doppler  shift  of  the  spectrum  center,  as  seen  from  (3),  Is 

2v,  ° 

— f  cosoc, 

C  0 


As  an  example,  consider  a  ground-based  S-band  (3  GHz)  radar  looking  Into 
a  rain  shov7er.  Assume  It  has  an  elevation  beannildth.  A,  of  8**.  Let  the  look  angle 
above  the  horizon  be  10“  (l.e.,  oc  ■  C0“).  Ulth  a  moderate  rainstorm,  the  drops 
fall  at  a  mean  velocity  of  9  m/s;  assume  they  fall  vertically.  The  Doppler  center 
shift  of  the  received  spectrum  here  Is  approximately  31  Hz,  and  the  half-pov7er 
bandwidth  for  a  monochromatic  Incident  signal  Is  about  17.5  Hz.  This  spectrum 
spreading  caused  by  raindrops  falling  through  a  flnlte-slzed  resolution  cell  Is 
called  "shear". 


When  a  -  0,  the  received  signal  spectrum  has  approximately  the  following  form 

1 


p(f)  .5^  . 


iHf  r 

The  spectrum  here  Is  normalized  so  that  J  ^  F(f)df  »  1. 

For  volume-distributed  scatterers,  the  integration  over  cp  Is  already  assumed 
completed.  This  Is  represented  In  the  t^jo-way  pcn/er  pattern  beamwldth,  ^  ;  l.e., 

J  03  !5(®#^)l*dcp  ”  ^  IgCO^O)!*  for  narro\7  beam  antennas.  For  surface  distributed 


scatterers,  cp  is  a  function  of  time  as  the  pulse  propagates  across  the  ground. 
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vf 

The  hal£>pover  ban(lv;ldth  In  this  case  is  Af  -  ,  The  above  results  for  ot  ■ 

0  have  application  to  a  movlno  radar,  such  as  that  on  a  homing  missile  or  terrain- 
avoidance  aircraft  radar,  looking  directly  ahead.  For  example,  assume  that  the 
radar  platform  Is  moving  at  600  Icnots  and  looking  straight  ahead.  At  an  S-band 
frequency  and  for  a  hal£-pov;er  beann7ldth,  A,  of  6°,  the  spectral  spreading  due  to 
the  finite  bearfnjldth  Is  about  10.6  Hz,  vhlle  the  spectrum  center  shift  Is  about 
6  kHz.  This  Is  true  for  either  volume-distributed  scatterers,  such  as  rain,  or 
surface-distributed  scatterers,  such  as  terrain.  One  can  see  that  the  spectral 
spreading  Is  not  nearly  as  great  ^;hen  the  moving  radar  Is  looking  ahead  as  vhen  It 
Is  looking  off  to  the  side.  As  a  comparison,  the  same  radar.  If  It  uere  a  side- 
looker,  (l.e.,  OL  m  90°),  vould  have  a  received  spectrum  xjldth  of  about  700  Hz. 

4.  Spectral  Distortion  Due  to  Relative  Motion  and  Finite 
Resolution  Cell  Size 

A  mechanism  \7lll  be  discussed  here  V7hlch  produces  spectral  spreading 
T7hen  a  moving  radar  antenna  looks  at  scatterers  distributed  throughout  the  resolu¬ 
tion  cell.  The  finite  size  of  the  Illuminated  area  Is  responsible  for  the  spread¬ 
ing.  IThlle  the  mechanisms  of  the  preceding  sections  are  IcnoxTn  and  have  been  men¬ 
tioned  elsev7here  [1],  this  mechanism,  ve  believe,  has  not  been  recognized  pre¬ 
viously  as  a  contributor  to  spectral  spreading.  The  effect  Is  Illustrated  In 
Figure  3.  The  component  of  velocity  In  a  direction  containing  the  plane  of  In- 

CT 

cldence  Is  v.  The  range  resolution  cell  depth  is  ior  volume-scatterers,  and 
cT  ^ 

icosn  radar  Is  looking  at  the  ground  at  a  depression  angle  P.  The  velocity, 

v,  for  the  latter  case  is  assumed  to  be  that  component  parallel  to  the  ground. 

Assume  that  the  return  at  radar  position  #1  for  elapsed  time,  t  ,  comes  from  the 

a 

solid  resolution  cell.  Then  at  the  time  of  the  next  pulse  transmission.- the  radar 

platform  has  moved,  and  at  elapse  time  t  ,  the  returning  pulse  comes  from  the  dashed 

a 

resolution  cell.  These  tx70  resolution  cells  do  not  contain  Identically  the  same 
scatterer  targets,  but  a  portion  of  them  are  shared  by  the  tx70.  As  the  velocity 
Increases,  there  Is  less  overlap,  but  as  the  resolution  cell  length  Increases, 
the  overlap  becomes  greater.  The  signal  returns  from  the  non-overlapping  areas 
are  uncorrelated  from  pulse  to  pulse,  because  they  contain  different  scattering 
centers  at  different  positions. 
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If  V7e  compute  the  correlation  coefficient  for  the  overlapping  areas  as 


a  function  of  elapsed  time,  T,  ve  find  it  Is 

f  1  1^1  --  - 

R(T)  -  I  '  l' 

for  I- 

“  CT  CT 

tlon  cell  In  the  direction  of  motion  (l.e..  It  Is  —r  and 


=q\<i 


for  K.>.i  ,  v;here  L  Is  the  length  of  the  resolu- 

for  the  cases  men- 


ZcosP 


tinned  above). 


The  Fourier  transform  of  this  correlation  function  is  then  the  normalized 
density  spectrum  for  the  received  signal  v;hen  the  Incident  carrier  Is  monochromatic. 


It  is 


sin®  (^f  ) 


P(f) 


The  approximate  half-pouer  bandxfldth  of  this  spectrum  Is  Af  - 


(5) 


As  an  example,  consider  an  aircraft  with  a  narrox;  pulse  (t  ■  0.1  p<s) 

flying  at  600  luxots  and  looking  straight  ahead.  If  the  depression  angle,  !3,  Is 

cT 

small,  the  length  of  the  resolution  cell,  L,  Is  Then  the  half  pox;er  bandx7idth 
of  the  received  spectrum  Is  20  Hz. 


The  mechanism  here  Is  definitely  different  from  that  of  the  preceding 
section,  X'7hlch  depended  upon  the  fact  that,  due  to  finite  beamv7ldth,  the  X'7ave 
phasefront  Is  not  planar  across  the  resolution  cell  but  spherical.  In  other  X'7ord8, 
the  rays  propagating  to  different  parts  of  the  resolution  cell  are  not  parallel, 
xTlth  the  angle  betV7een  them  and  the  velocity  vector  varying.  The  mechanism  of 
this  section  produces  spectral  spreading  even  If  the  rays  are  parallel  and  the  phase 
front  is  planar.  A  comparison  of  the  tx70  processes  results  In  some  Interesting 
contrasts.  The  preceding  section  shox^ed  that  decreasing  the  size  of  the  resolution 
cell  by  making  the  beamx7ldth  smaller  decreases  the  spectral  spreading;  this  section 
shox7G  that  decreasing  the  length  of  the  resolution  cell  can  Increase  the  spectral 
spreading,  because  of  the  different  mechanism  Involved.  From  (5),  one  can  see 
that  as  either  the  velocity  approaches  zero  or  as  the  resolution  cell  length  ap¬ 
proaches  Infinity,  the  scatterer  spectrxim  approaches  the  Impulse  function.  This 
Is  expected  since  the  Incident  spectrum  Is  an  Impulse  function,  and  X'7hen  there  is 
no  apparent  motion,  the  scattered  spectrum  should  also  be  an  Impulse. 
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5.  Spectral  Distortion  Due  to  Volume  Scatterer  Velocity 
Differences 

I 

One  sometimes  encounters  volume-distributed  scatterers  uhose  velocities 

are  not  all  Identical.  Such  Is  the  case  for  raindrops,  uhose  fall  velocities  are 

observed  to  vary  v;lth  drop  size.*  Figure  4  Illustrates  the  geometry  for  a  packet 

of  particles  moving  In  the  vertical  direction,  uhlle  the  radar  vleT7s  It  from  angle. 

Cl  ,  with  respect  to  the  vertical.  The  Individual  particles  are  assumed  to  be  all 

moving  In  the  same  direction,  but  have  different  speeds,  l.e.,  v  ,  v  ,  v. ,  ...  . 

i  s  i 

IJe  can  nou  define  and  assign  p(v)  as  the  probability  density  function  for  the  velo¬ 
city  of  a  given  particle. 

A  monochromatic  signal  illuminates  the  particles,  and  hence  the  Incident 
spectrum  Is  proportional  to  the  unit  Impulse  function,  5(f-f^).  Then  It  may  be 
shoun  In  a  stralghtfonjard  manner  that  the  signal  reflected  from  all  of  the  par¬ 
ticles  has  a  poT;er  density  spectrum  proportional  to  the  particle  velocity  probabi¬ 
lity  density.  Expressed  as  the  radar  cross  section  per  unit  frequency,  cr(£)^ 
this  is 

<’«)  -  ^ 

O  0 

V7here  Is  the  radar  cross  section  of  all  of  the  particles  V7lthln  the  resolution 

£ 

cell.  If  the  standard  deviation  (or  square  root  of  the  variance)  of  the  particle 

velocity  Is  v-  then  the  approximate  half-pcn/er  banduldth,  ^f,  of  the  scattered 
so  4v 

signal  spectrum  is  given  as  Af  ■  — a»f  cosCi. 

c  o 

Let  us  look  at  an  example.  Mean  drop  velocities  In  a  rainfall  are  about 
4-6  m/s  for  light  rains  to  9  m/s  for  heavy  rains  [2].  The  standard  deviation  of 
drop  velocities  about  the  mean  is  approximately  1  m/s.  For  an  S-band  (3  GHz)  radar 
in  a  heavy  rainfall  and  at  an  elevation  angle  of  10°  (l.e.,  cc  »  80°),  the 


Neglected  here  are  any  rotational  velocities  of  Individual  particles.  For  In¬ 
stance,  a  rotating  chaff  particle  ulll  modulate  the  Incident  signal.  For  nearly 
spherical  raindrops,  this  effect  Is  not  applicable. 


center  frequency  of  the  return  T7111  be  shifted  by  about  31  Hz,  The  scattered 
spectral  \;ldth  for  an  incident  monochromatic  v;ave  ulll  be  7  Ilz.  It  has  been  ob¬ 
served,  however,  that  a  significant  number  of  smaller  sized  raindrops  fall  very 
slowly;  this  results  in  a  gradual  tapering  off  of  p(v)  below  the  mean  velocity  of 
9  m/s,  but  a  much  more  abrupt  cutoff  above  the  mean.  Hence  even  though  the  pre- 
dic^ed  half-power  xjidth  is  7  Hz,  we  can  expect  to  see  scattered  signal  energy  in 
a  band  as  great  as  30-40  Hz,  since  the  spectrum  does  not  fall  off  rapidly  below  the 
lower  3  dB  point.  The  spreading  also  Increases  x;lth  elevation  angle;  if  the  radar 
is  looking  vertically  (a  ■  0°),  the  spread  can  be  as  great  as  200  Hz  at  S-band, 

Another  example  Illustrating  this  mechanism  is  foliage  motion  due  to 
v7lnd.  A  surface  search  radar,  for  instance,  looking  over  a  xfooded  area  x^lll  re¬ 
ceive  a  return  from  the  trees  and  foliage  whose  spectrum  Is  spread  due  to  leaf  and 
branch  motion.  Nathanson  [3]  has  found  from  examination  of  experimental  data  that 
the  standard  deviation  of  foliage  velocity  for  wooded  terrain  is  about  0.03  m/s 
for  a  0-10  knot  X7lnd,  about  0.1  m/s  for  a  15  knot  v;lnd,  and  about  0.3  m/s  for  a 
20  Imot  wind.  An  S-band  (3  GHz)  surface  search  radar  looking  along  the  horizontal 
In  the  xflnd  direction  (oc  ■  0)  will  suffer  a  spectral  spread  from  the  foliage  return 
of  about  4  Hz  for  20  knot  \7ind. 

6.  Spectral  Distortion  from  Sea  Surface  Due  to  Surface 
Movement;  Slightly  Rough  Surface 

The  sea  surface  represents  a  case  of  surface-distributed  scatterers  which 

are  In  motion.  One  would  naturally  expect  to  see  a  distortion  of  the  received 

radar  spectrum  due  to  a  random  modulation  of  the  Incident  vrave  by  the  sea.  This 

section  V7ill  be  concerned  V7ith  the  roughness  whose  scale  falls  into  the  category 

2TT 

"slightly  rough";  by  this  we  mean  that  k^h  cos0^  <  1,  v;here  is  the  free 

space  x;avenumber,  h  is  the  rms  height  of  the  ocean  waves,  and  6^  Is  the  Incidence 
angle  measured  from  vertical  (l.e.,  the  complement  of  the  grazing  angle).  At  HF 
frequencies,  all  of  the  ocean  V7ave8  In  general  satisfy  this  criterion,  V7hlle  at 
microwave  frequencies,  only  the  capillary  X7aves  may  fall  In  this  category. 
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It  Is  shoxm  in  Reference  A  that  surfaces  having  slightly  rough  scales 
must  be  analyzed  by  a  perturbation  technique.  Such  an  analysis,  valid  in  the  low- 
frcquency  limit,  shovjs  a  difference  in  return  for  vertical  and  horizontal  polari¬ 
zation  states  v;hich  agrees  with  experimental  observations.  The  analysis  there, 
valid  for  a  two-dimensionally  rough  surface  height  variable  z  ^  C(x,  y),  can  be 
readily  extended  to  Include  a  third  quantity,  time,  i.e.,  z  C(x,  y,  t).  The 
analysis  proceeds  as  before,  but  with  three  instead  of  t\-;o  variables.  Details  of 
the  derivation  are  omitted  here  for  lack  of  space.  The  radar  (backscatter)  cross 
section  per  Hz  bandwidth  for  a  surface  area.  A,  included  v;ithin  the  resolution 
cell  is 


a(f)  -  4TT®k  ‘‘Acos‘^9  |a(9.)|®W  [-2k  sin0,,  0,  2n(f-f  )]  .  (7) 

O  lljOl''  o 

The  quantity  H  (p^q^oo)  is  the  spatial  and  temporal  height  spectral  density  of  the 
slightly  rough  ocean  surface  scale.  It  is  defined  in  terms  of  the  surface  height 
correlation  function,  h®R^(X,  Y,  T)  ■  (C(x,y,t)C(3H-X,  yfY,  t+T))  as  follows 


(p,q,w) 


R  (X, 

i 


Y,  T)e 


-ipX-iqY-icjT 


dXdYdT. 


(0) 


Here,  C(x,y, t)  is  taken  to  be  the  surface  height  above  the  mean  level,  and  hence 
its  average  value  is  zero.  Also,  cc(@^)  in  (7)  is  proportional  to  the  polarization 
matrix  elements;  it  varies  v;ith  Incidence  angle  and  surface  constitutive  parameters, 
but  is  not  a  function  of  the  roughness.  It  will  be  given  in  the  Appendix  for  the 
vertical  and  horizontal  polarization  states. 


Equation  (7)  shov/s  that  only  the  ocean  v;ave  spatial  frequency  p  » 
2k^sin9^  produces  backscatter.  Stated  another  way,  the  entire  backscattered  com¬ 
ponent  at  radar  wavelength  X  is  produced  by  those  ocean  waves  of  length  L  * 
X/2sln0^.  This  result  has  been  mentioned  many  times  in  the  literature. 

The  spatial  spectrum  of  the  sea  surface,  U  (p,  q),  has  been  measured 

K/evin>v>iKn  ^ 

and  the  HegmMm-Pierson  model  [SJ  seems  to  explain  its  dependence  upon  wind.  No 


10 


one  has  yet  measured  the  full  spatial  and  temporal  spectrum  of  the  sea,  and  no  one 
has  proposed  a  reasonable  theory  or  model  for  It.  First  order  ocean  x;ave  theory 
8hox7s  that  the  temporal  period  of  the  sea  has  a  deterministic  relationship  V7lth 
respect  to  the  spatial  wavelength  for  a  given  x^ave.  In  other  v;ords,  an  ocean  wave 
of  given  length  has  a  fixed  period,  determined  by  the  forces  of  gravity  and  fluid 
mechanics  at  the  air-xjater  interface.  This  first-order  relationship  betxjeen  the 
ocean  surface  spatial  xjavenumbers  p,  q,  and  the  temporal  X7avenumber,  tv  (u;  «  2TTf), 
is  vp2+q2  V7here  g  is  the  acceleration  of  gravity  [5].  If  one  employs  this 

first-order  approximation.  Equation  (7)  shox7S  the  received  spectrum  to  be  tx7o  im¬ 
pulse  functions  at  frequencies  f  *  f ^  ±  ~  -\y^^8in0^  .  Radar  measurements  at  HF 
have  shown  that  the  position  of  the  spectrum  is  predicted  by  the  above  relation¬ 
ship,  but  the  spectrum  is  not  an  impulse  function. It  has  a  finite  X7idth  V7hich 
can  be  several  tenths  of  a  Hz  at  -  1-3  lIHz.  This  suggests  that  one  must  go 
beyond  the  first-order  theory  to  obtain  a  meaningful  estimate  of  the  spatial  and 
temporal  sea  spectrum  contained  in  (7). 


7.  Spectral  Distortion  From  the  Sea  Surface  Due  to  Surface 
Movement;  Very  Rough  Surface 

At  microx7ave  frequencies,  the  largest  scale  ocean  X7aves  are  greater  in 
height  than  the  radar  wavelength.  This  large  scale,  satisfying  the  relationship 
k^hcosO^>  1,  is  called  "very  rough",  and  is  analyzed  by  physical  or  geometrical 
optics.  The  result,  valid  in  the  high-frequency  limit,  sho\7S  that  all  scatter 
comes  from  portions  of  the  surface  oriented  normal  to  the  radar  line  of  sight; 
these  are  called  specular  points  and  are  familiar  at  optical  frequencies  as  the 
dancing  glitter  of  the  sun  on  the  surface.  Since  these  specular  points  arc  in 
motion,  they  produce  random  shifts  in  the  frequency  of  the  Incident  V7ave.  The 
analysis  of  a  moving  surface  has  been  treated  extensively  in  [8]. 

As  in  the  above  section,  one  can  determine  the  scattered  pox7er  from  such 
a  surface  by  merely  extending  previous  analyses  for  a  random  surface,  C(x,y),  to 
Include  the  time  variable  also,  l.e,,  C(x,y,t).  Using  the  physical  optics  formu¬ 
lation,  one  can  arrive  at  the  following  result  for  the  radar  cross  section  per 
Hz  bandv7ldth. 
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a(f)  . 


Ac 

4f 


f-f 


sec^S^  |R(0)|®l(^tanO^,  0, 
o  '“‘o  i 


(2f  COS0. 


jt) 


<9) 


vjhere  P(C  ,  C  ,  C  )  is  the  Joint  probability  density  function  for  the  surface 
X  y  t 

slopes  C  andC  in  the  x-  and  y-directions*  and  for  the  vertical  surface  velocity, 
(i.e.]^  “^SC/St),  Also,  R(0)  is  the  Fresnel  reflection  coefficient  for  the 

sea  for  normal  Incidence,  and  A  is  the  surface  area  uithln  the  resolution  cell. 
Normally,  C  ,  C  .  and  C  are  correlated  to  a  considerable  extent  so  that  it  is  not 

X  y  t 

possible  to  separate  P(C  #  C  ,  C  )  into  the  product  of  separate  density  functions. 

X  y  t 

Notice  the  similarity  betx;een  (9)  for  sea  surface  motion  and  ('5)“  for.  .volume 
scatterer  motion.  Even  though  the  tvjo  theories  v;ere  derived  from  different  initial 
formulations,  the  similarity  betv;een  results  Indicates  that  the  mechanism  producing 
spectral  spreading  is  the  same:  it  is  the  motion  of  discrete  scattering  centers 
separated  on  the  average  by  many  i;ave lengths.  In  the  former  case,  the  discrete 
scattering  centers  vete  individual  particles,  such  as  raindrops,  V7hereas  in  the 
latter  case,  they  are  the  moving  specular  points  on  the  surface. 


As  pointed  out  previously,  the  three  derivatives  of  the  surface  are 
normally  correlated.  For  the  sake  of  obtaining  an  estimate  of  the  sea  spectral 
spreading  produced  by  the  large  scale  roughness,  let  us  assume  they  are  uncor¬ 
related.  Further,  let  us  assume  that  the  surface  is  Gaussian.  Then  it  is  easy 

to  sho^;  that  the  variance  of  the  vertical  ocean  vjave  velocity  is  v®,  =  (C^)  » 

2h2  a  ^  sd  t 

-  ,  where  h  is  the  mean-square  surface  height  and  T  is  roughly  the  time  period 

of  the  large  scale  ocean  waves.  Measurements  have  chovm  that  1  m/s  is  typical 

of  Vgj  for  the  sea  surface.  The  half-po’ier  spectral  v;idth  of  the  received  pokier 

is  Af  ~  f  cosG^ ,  For  an  S-band  radar  (3GHz)  and  at  a  depression  angle  of  10° 

c  o  t 

(i.e,,  9^  ■  80°),  this  half-power  bandwidth  is  Af  ~  g  Hz,  using  v^^  ~  1  m/s. 


0.  Spectral  Distortion  From  the  Sea  Surface  Due  to  Surface 
Movement:  Composite  Surface 

At  microvmve  frequencies,  the  sea  surface  definitely  has  a  large-scale 
component  compared  to  radar  V7avelcngth.  However,  it  also  has  a  small-scale 
component  (i.e.,  the  capillary  v/aves)  V7hlch  ride  on  top  of  the  larger  structure 
and  fall  into  the  slightly  rough  category.  Hence,  the  scattering  mechanisms  of 
both  of  the  preceding  sections  appear  to  be  operating  simultaneously. 

(  The  plane  of  incidence  is  assumed  for  convenience  to  be  the  x-z  plane) 
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It  is  shoun  In  [4]  and  discussed  in  [9]  that  to  a  first  order,  one  can 
represent  the  scattered  pov7er  from  such  a  composite  surface  as  the  sum  of  the  povjers 
from  the  very  rough  and  slightly  rough  scale  components.  One  adds  the  povjers 
because  these  d7o  roughness  scales  are  usually  Independent  of  each  other  (being 
produced  by  different  mechanisms)  and  hence  they,  the  scattered  fields,  superpose 
incoherently. 

The  same  reasoning  can  be  applied  to  the  spectrum  from  such  a  surface. 

One  therefore  adds  0(f)  of  (7)  to  that  of  (9)  to  obtain  the  backscattered  spectrum 
of  a  composite  surface  for  an  incident  monochromatic  wave.  One  has  tt;o  actual 
surfaces  to  analyze  in  this  case,  ^  and  Cg,  uhere  includes  all  large-scale 
surface  height  components  xjhich  satisfy  1:  Ccos9  >  1  and  includes  the  small- 
scale  components  failing  this  inequality.  The  combination  of  the  t\70  mechanisms 
simultaneously  results  in  a  complicated  model  \jhich  is  a  function  of  several 
parameters.  Qualitatively,  one  can  see  that  as  one  approaches  grazing  (0^"Tr/2), 
the  slightly  rough  theory  becomes  more  Important  because  more  of  the  ocean  rough¬ 
ness  satisfies  the  Inequality  Ic  CcosO,  <  1, 

o  i 

tJhat  does  experimental  evidence  sho^;  about  the  scattered  signal  spectrum 
in  the  microwave  frequency  region?  Not  enough  data  is  available  to  obtain  a  com¬ 
plete  and  accurate  picture  as  a  function  of  polarization,  frequency,  sea  state, 

incidence  angle,  etc.  Some  of  the  data  seems  to  confirm  the  validity  over  a 

2Av 

limited  range  of  the  expression  Af  -  ■  for  the  half-power  bandwidth^  where 

Av  is  a  sea-surface  velocity  spread.  From  [3]  and  [10],  Av  varies  approximately 
linearly  from  about  0,7  m/s  for  Sea  State  #1  (wind  speed  5  luiots),  being  about  l.C 
m/s  for  Sea  State  #3  (wind  speed  13  knots),  to  about  2,7  m/s  for  Sea  State  #5 
(vjind  speed  22  knots),  Heasurements  show  that  Av  may  be  somewhat  larger  than  these 
values  for  horizontal  polarization  and'somewhat  lox.’er.for  vertical -polarization 
(by  as  much  as  20-307.),  For  example,  at  S-band  (3  GHz),  one  can  expect  spectral 
spreading  by  as  much  as  55  Hz  for  Sea  State  #5  from  this  measured  data. 

9.  Combination  of  Several  Spectral  Distorting  Effects 

In  Sections  2  through  C,  we  have  considered  various  knoxjn  physical 
mechanisms  xjhich  distort  the  spectrum  of  an  incident  signal  after  scattering. 
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To  physically  understand  them,  we  treated  each  mechanism  separately  i3norlng  all 
of  the  other  possibilities.  In  reality,  several  of  the  processes  are  usually 
acting  simultaneously.  For  instance,  one  may  have  the  spec trum-di storting  effect 
of  finite  beamx7ldth  discussed  in  Section  3,  as  X7ell  as  sea  surface  motion.  Hox; 
then  does  one  combine  these  various  effects  to  obtain  the  total  spectrum  of  the 
received  signal? 

One  can  show  theoretically  that  the  resultant  signal  spectrum, 
expressed  in  terms  of  average  radar  cross  section  per  Hz  bandv7idth,  is  obtained 
by  convolving  the  various  spectra  together.  For  instance,  let  P^(f)  be  the  nor¬ 
malized  spectrum  of  the  Incident  signal.  Assume  that  the  radar  platform  is  moving, 
and  looking  dovm  across  the  sea  surface.  Then  the  effect  of  finite  beamx7ldth  given 
in  (3)  must  be  included:  call  it  P  (f).  Also,  the  motion  of  the  sea  surface 
dlst  rts  the  spectrum  according  to  the  mechanisms  in  Sections  6-0;  this  is  repre¬ 
sented  as  0(f),  In  addition,  the  effect  mentioned  in  Section  4  may  be  important; 
let  us  assume  it  is  not  significant  here.  Then  the  total  received  spectrum  is 
given  by 


<^<f) 


r  ® 

J.oo 


00 

.00 


P,(ri)P  (5-ti)  a(f-C;)dTTd5  . 
1  1 


(10) 


TThile  the  above  convolution  technique  is  exact,  it  is  unfortunately  not 

very  handy  when  the  various  spectra  are  only  estimates  to  start  x;lth.  Hor  is  it 

convenient  X7hen  a  quick  ansv7er  is  needed.  A  simpler  "rule  of  thumb"  is  available. 

It  is  obtained  from  the  above  equations  X7hen  one  assumes  that  at  least  t\70  of  the 

three  processes  are  random  and  that  all  three  are  mutually  independent.  The  total 

3  dB  bandx7ldth,  Af^,  may  be  found  from  the  bandx7idth  of  the  incident  signal,  Af^., 

the  bandxfldth,  Af  ,  of  P  (f),  and  the  bandwidth,  Af  of  a(f)  for  the  sea  surface: 

X  X  's' 

Af?  ■  Af®  +  Af®  +  Af^  .  (11) 

l'  1  1  s 


10.  Summary 

In  this  paper  X7e  have  attempted  to  mention  and  briefly  discuss  all  of  the 
IcnoxTn  mechanisms  X7hich  produce  spectral  distortions  on  an  Incident  signal  after 


scatter  from  distributed  sources.  Some  of  these  mechanisms  have  been  mentioned 
previously  [1],  but  \ie  have  attempted  here  to  relate  the  spectral  distortions  more 
precisely  to  the  antenna  and  signal  properties.  The  mechanism  mentioned  In  Section 
4  has  not  been  previously  recognized  as  a  contributor  to  scattered  spectrum  dls> 
tortlons.  The  movement  of  the  slightly  rough  sea  surface  scale  (Section  6)  pro¬ 
duces  a  spectral  distortion  somevjhat  different  from  that  Induced  by  usual  scatterer 
motions  of  Sections  5  and  7.  The  signal  spectrum  for  the  slight  scale  movement 
is  directly  proportional  to  the  temporal  spectrum  for  the  surface  height  itself. 

In  most  radar  applications  the  volume-and  surface-distributed  scatterers 
represent  unv;anted  background^  or  clutter^  as  In  the  case  of  rain  and  terrain. 
HoT;ever,  there  are  situations,  such  as  In  satellite,  air  surveillance,  and  ground¬ 
mapping,  as  \;ell  as  xjith  ^jeather  radars,  ijhere  one  is  primarily  interested  in  ob¬ 
serving  these  targets.  In  either  case,  the  results  presented  here,  along  with 
the  physical  Interpretation  provided,  should  aid  in  analysis  of  the  received  signal. 
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catterlng  Cross  Section  for  Distributed  Scatterers 


(a)  Volume-Distributed  Scatterers 

In  Equation  (6),  ve  expressed  the  radar  (backscatter)  cross  section  of 
all  of  the  volume-distributed  scatterers  ulthin  a  radar  resolution  cell  as  o  , 

D 

Here  v;e  vlsh  to  examine  this  quantity  further,  break  it  do\m,  and  provide  a 
meaningful  physical  explanation  of  the  scatter  mechanism. 

It  is  shovm  in  [10]  that  one  can  express  (7  in  terms  of  the  radar  cross 

D 

section  per  unit  volume  times  the  volume  of  space  inside  the  resolution  cell,  i.e., 

depth  of  the  resolution  cell  is  ~  uhere  T  is  the  signal  pulse 

length.  T.ie  cell  is  elliptical  in  shape  looking  along  the  antenna  boresight, 

vlth  A  and  C  being  the  half-pov;er  beamuidths  of  the  one-v7ay  antenna  directivity 

pattern,  |g(6,cp)|^.  Since  the  same  antenna  is  assumed  to  be  used  tv7ice  for  the 

backscatter  situation,  the  tvo-uay  half-poY;er  beamvidths  for  narrow-beam  patterns 

A  € 

are  approximately  ^  and  yr  (if  the  beam  is  conical,  A  ■  e).  Then  the  volume 
Inside  this  cell  is  given  as 


L  4  /2  /2  J  16  ' 

where  R  is  the  range  to  the  cell  from  the  antenna. 

The  quantity  is  discussed  in  detail  in  [10].  A  simple  and  meaningful 
model  is  presented  there;  each  particle,  while  its  position  is  entirely  random, 
is  assigned  an  average  individual  radar  cross  section,  (cr).  Then  it  is  shown 
that,  due  to  the  random  position  assumption,  one  can  add  the  average  scattered 
power  from  each  particle  incoherently  to  obtain  the  following  result  for  the 
average  total  radar  cross  section  per  unit  volume; 


oc  -p<a>  ,  (13) 

where  p  is  the  scatterer  density,  or  average  number  of  particles  per  unit  volume. 

For  raindrops,  ^(7)  is  the  backscatter  cross  section  of  a  small  water 
sphere.  Since  this  raindrop  size  is  small  compared  to  wavelength  in  the  microwave 
region,  one  can  use  the  low-frequency  approximation  for  a  dielectric  sphere. 


Experimentally,  values  of  drop  density,  p,  of  the  order  of  100/m^  for  rain  have 
been  measured.  Also,  values  of  have  been  measured  for  a  moderate  rainfall  vary¬ 
ing  from  <-u3  dB  at  S-band,  -62  dB  at  X-band,  up  to  -39  dB  at  K  -band  (expressed 
as  dB  m  ^ ), 


(b)  Surface  Scatter:  Slightly  Rough  Surface 


Rough  surfaces  falling  In  the  slightly  rough  category  have  been  treated 
elsev;here  [4],  [9],  [10],  [11].  Here  ve  shall  briefly  mention  the  result  obtained 
for  this  model.  First,  v;e  express  the  average  radar  cross  section  for  the  surface 
ulthln  a  resolution  cell  as  “  cr°A,  vjhere  A  Is  the  surface  area  subtended  by  the 
resolution  cell  and  is  the  average  backscatter  cross  section  per  unit  area.  For 
the  radar  configuration  shown  In  Figure  2b,  the  area  A  Is  given  by 


„  ["Ml  [cT _ 1  ^  RctA 

W2J  L2cosPJ  "  2/2BinQ^  * 

vjhere  G  Is  the  grazing  angle  and  0^  *»  n/2-P. 
previously. 


(14) 

All  other  symbols  have  been  defined 


Actually,  <f  can  be  obtained  from  (7)  by  performing  the  Integration 
Indicated  In  (1),  or  It  can  be  derived  separately,  as  done  In  [4].  In  either  case. 
It  becomes 

a»  -  4Tnt^cos'‘e^la(G^)!®Uj-2k^sln°^,  0],  (15) 


where  U  (p,q),  the  spatial  spectrum  of  the  surface  height.  Is  defined  from  the  tvo- 
dlmenslonal  surface  height  correlation  function,  h^R  (X,  Y)  as  In  (G) : 


(p,q) 


_ B  t; 

TT  -00 


-IpX-lqY 

\  0'^,  Y)  ^  dXdY 


(16) 


Also,  0(6^)  Is  derived  In  [4]  for  the  vertical  and  horizontal  polarization 
states.  For  a  homogeneous  surface  having  relative  constitutive  parameters  6^, 
they  are : 


a 


hh^^l^ 


(lA^-1)  [(M-^-l)  sln'^O^  +  e^fx^]  -  ix=  (e^-1) 

[p,  cos  9  +  ^/G  p,  -sin® 9  f 

*■  ^  r  r  1 
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(e^-l)  [(e^-1)  sin®  6^  +  -  e®  (tx^-l) 

[e  cos  0  +  7e  -  sin®  0,  f 
t  i  r  r  i 


(17) 


For  a  perfectly  conducting  surface,  one  permits  e^-*®  in  the  above 


equations  to  obtain 


1  +  8in®0, 


cos^G, 


(1C) 


The  above  results  are  valid  only  to  the  first  order  in  (k  ^cosG.)®,  ^ 

O  X  3C 

and  C^«  They  indicate  no  depolarization  for  these  states.  Retention  of  higher 
order  terms  does  include  depolarization,  although  the  results  are  considerably 
more  complex  [12]. 


(c)  Surface  Scatter:  Very  Rough  Surface 

If  the  surface  roughness  falls  in  the  ’’very  rough"  category,  results  for 
analogous  to  those  of  the  last  section  can  be  obtained.  These  are  found  either 
by  integrating  (9)  as  shovm  in  (1),  or  by  a  separate  derivation  [4].  The  result  is 

a*  -  n8ec^0^iR(O)l^P(tanO^,O)  ,  (19) 


vhere  P(C  ,  C  )  is  the  Joint  probability  density  function  of  the  surface  slopes 
X  y 

C  ,  C  in  the  x>  and  y-directions.  All  of  the  other  quantities  have  been  defined 
X  y 

be  fore . 


Further  details  and  comparison  vith  measured  data  a”  may  be  found  in 
[10]  and  [11 ]. 
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FIGURE  1.  SPECTRUM  OF  PULSE  TRAIN  MODULATED  BY  ROTATING  ANTENNA  PATTERN. 
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FIGURE  2.  GEOMETRY  OF  RADAR  AND  DISTRIBUTED  SCAITERERS  FOR  FINITE 
BEiOlHIDTH. 
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FIGURE  3.  GEOMETRY  OF  DISTRIBUTED  SCAITERERS  AT  GIVEN  RANGE  FROM 
MOVING  ANTENNA  AS  TOEWED  AX  TWO  DIFFERENT  TIMES. 
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FIGURE  4.  GEOMETRY  OF  VOLIME-DISTRIBUTED  SCAITERERS  MOVING  AT  VELOCITIES 
CLOSE  TO  V  WITH  RESPECT  TO  ANTENNA. 


